A recombinant E. coli co-expressing ALA synthase (hemA), NADP-dependent malic enzyme (maeB), and dicarboxylic acid transporter (dctA) was reported to synthesize porphyrin derivatives including iron-containing heme. To enhance the synthesis of bacterial heme, five genes of the porphyrin biosynthetic pathway [pantothenate kinase (coaA), ALA dehydratase (hemB), 1-hydroxymethylbilane synthase (hemC), uroporphyrinogen III synthase (hemD), and uroporphyrinogen III decarboxylase (hemE)] were amplified in the recombinant E. coli co-expressing hemA-maeB-dctA. Pantothenate kinase expression enabled the recombinant E. coli to accumulate intracellular CoA. Intracellular ALA was the most enhanced by uroporphyrinogen III synthase expression, porphobilinogen was the most enhanced by ALA dehydratase expression, uroporphyrin and coproporphyrin were the most enhanced by 1-hydroxymethylbilane synthase expression. The strain co-expressing coaA, hemA, maeB, and dctA produced heme of 0.49 µmol/g-DCW, which was twice as much from the strain without coaA expression. Further pathway gene amplifications for the porphyrin derivatives are discussed based on the results.
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Key words: Porphyrin pathway, bacterial heme, pantothenate kinase, uroporphyrinogen III synthase, uroporphyrinogen III decarboxylase Porphyrins are present in nature as ubiquitous pigment cofactors, based on the four pyrrole rings (tetrapyrrole) structure, for a variety of biological processes including the storage and transport of oxygen molecule (myoglobin and hemoglobin), electron transport for oxidative phosphorylation (cytochromes b and c), and oxidation of hydrocarbon (cytochrome P450 and cytochrome oxidase) [5] . One of the best-known porphyrins is the pigment of red blood cells, heme, that contains the coordination bound ferrous ion (Fe 2+ ) in a protoporphyrin structure. The fact that iron in the heme structure has a much higher bioavailability than non-heme iron [7] and the fact that heme iron absorption is not affected by other dietary constituents have enabled heme to be used for food or animal feed additives [11] . Even though heme can be chemically synthesized either by total synthesis or derivatization from heme or chlorophyll of other animals or plants, regio-and stereoselective functionality cannot be achieved easily from the above. Considering that chemical synthesis requires several steps that result in low yields, a biosynthetic approach might be an alternative way to obtain natural porphyrins in relatively high yields [4] .
The most studied heme biosynthesis is the porphyrin pathway (Fig. 1) . For the first synthesis of 5-aminolevulinic acid (ALA), two pathways has been reported. Phototrophic algae, cyanobacteria, and Escherichia coli use the C5 pathway comprising of 3 steps (glutamyl-tRNA synthase, glutamyltRNA reductase, glutamate-1-semialdehyde aminotransferase) from glutamic acid with cofactors of ATP, NADPH, and tRNA. Mammal cells, yeast, and phototrophic purple nonsulfur bacteria synthesize ALA via the C4 pathway comprising a single-step condensation of glycine and succinyl-CoA mediated by ALA synthase. Two molecules of ALA are condensed to porphobilinogen (PBG) and 4 molecules of PBG are further condensed to form 1-hydroxymethylbilane (HMB). HMB is cyclized to uroporphyrinogen III (spontaneously further oxidized to uroporphyrin by molecular oxygen), which is the general precursor of all tetrapyrroles in nature. Uroporphyrinogen III is decarboxylated to coproporphyrinogen III (spontaneously oxidized to coproporphyrin III), and further oxidation and another decarboxylation turn coproporphyrinogen III to protoporphyrin IX. Finally, ferrous iron is cooperatively bound to protoporphyrin IX to heme [1].
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We have reported that E. coli, which naturally possesses the C5 pathway for ALA synthesis, could produce ALA and porphyrins by introducing the ALA synthase (hemA) of Rhodobacter sphaeroides, a microorganism having the C4 pathway [10] . In addition to C4 pathway enzyme expression, co-expressions of NADP-dependent malic enzyme (maeB) and dicarboxylic acid transporter (dctA) enabled E. coli to produce heme as a bioavailable iron source [3] . We also reported an industry-feasible chemically defined medium for the heme synthesis using the recombinant E. coli [6] . Nevertheless, the three gene expressions enabled E. coli to synthesize heme, and an additional pathway engineering was needed considering the relatively many enzymatic steps were involved in the porphyrin pathway. This idea provoked the authors to further investigate the effect of additional gene expressions on the heme biosynthesis in the recombinant E. coli.
In this study, we expressed enzymes such as pantothenate kinase (coaA) to increase the CoA pool for a ALA precursor, succinyl-CoA, and enzymes in the porphyrin pathway including ALA dehydratase (hemB), HMB synthase (hemC), uroporphyrinogen III synthase (hemD), and uroporphyrinogen III decarboxylase (hemE) in the recombinant E. coli. The effect of the enzyme expressions are further discussed for the synthesis of heme and porphyrin derivatives.
MATERIALS AND METHODS

Plasmids and Strains
The plasmids and strains used are listed in Table 1 . The hemesynthesizing control strain was Escherichia coli W3110(DE3) with pTrc(p lac hemA + -maeB-dctA) containing ALA synthase (hemA), NADPdependent malic enzyme (maeB), and dicarboxylic acid transporter (dctA) (short for HMD strain) as reported [3] and the DH5α strain for DNA manipulation. Oligonucleotides were synthesized at Bioneer Co. (Daejeon, Korea) and DNA sequencing was performed at Macrogen Co. (Seoul, Korea). The oligonucleotides for PCR amplifications were as follows: 5'-TTC TGC AGA GGA GGA ACA GAC ATG AGT ATA AAA GAG CAA ACG TTA ATG A-3' (PstI site underlined, ribosomal binding site in bold) and 5'-TCT GCA GTT ATT TGC GTA GTC TGA CCT CTT CTA-3' (PstI site underlined) for coaA; 5'-CATATG CCC CTC GAT TCC ACA AAC A-3' (NdeI site underlined), 5'-GGATCC TTA ACG CAG AAT CTT CTT CTC-3' (BamHI site underlined) for hemB; 5'-GAGCTC AGG AGG CAA GCA TGT TAG ACA ATG TTT TAA G-3' (SacI site underlined, ribosome binding site in bold) and 5'-GAG CTC ACT CAA TCA GCG GAA AAT GC-3' (SacI site Fig. 1 . Porphyrin pathway in the heme-synthesizing recombinant E. coli.
Genes underlined represent the ones in the control strain, and genes boxed the ones in this study. Ex: external; Urogen: uroporphyrinogen; Coprogen: coproporphyrinogen. Uroporphyrinogen and coproporphyrinogen were analyzed as their spontaneously oxidized forms, uroporphyrin and coproporphyrin.
